Recent studies have indicated that Listeria monocytogenes formed biofilms on the surface of food processing equipment, and may survive sanitization treatments. The purpose of this study was to compare the susceptibility of L. monocytogenes grown in either a biofilm or planktonic culture when exposed to hydrogen peroxide (H 2 O 2 ). Twelve strains of biofilm-forming L. monocytogenes and their planktonic counterparts were treated with various concentrations of H 2 O 2 (1, 6, and 10%), and the cell survival was then determined at 10-min exposure intervals. When grown as a biofilm, L. monocytogenes was significantly more resistant to H 2 O 2 than under planktonic culture conditions. Planktonic L. monocytogenes strains exhibited significantly different susceptibility to 1% H 2 O 2 . Equally interestingly, biofilms of the 12 L. monocytogenes strains also inhibited different survival rates after being treated with 6 and 10% H 2 O 2 . However, most of the biofilms recovered to a population of 2-9 log CFU/glass fiber filter (GFF) after a 24-h re-growth period. These results indicate that there was no significant correlation between the H 2 O 2 resistance of biofilm-and planktonic-cultured cells, and suggest that different mechanisms for the resistance to sanitation or disinfection underly the persistence of certain strains in food-processing environments.
Listeria monocytogenes can attach to environmental and food surfaces, and form biofilms if such surfaces are not adequately cleaned. 1, 2) A biofilm is a mixture of bacteria and extracellular polymeric substances (EPS) that forms a complex three-dimensional structure to provide protection from environmental stressors.
3) One of the most remarkable properties of biofilms is their high resistance to antimicrobial or sanitizing agents used in food processing operations. 4, 5) Biofilm-forming bacteria are generally more resistant than planktonic cells to removal by cleaning and inactivation by such biocides as iodine, chlorine, and anionic acids. 6) Several studies have shown that persistent L. monocytogenes strains can be isolated from food processing surfaces found on conveyor belts and in dicing, slicing and packaging machines after their cleaning and disinfection, and these persistent strains have been strongly linked to major episodes of L. monocytogenes contamination. [7] [8] [9] Furthermore, persistent strains that form biofilms in food processing environments are a potential source of contamination that could lead to food spoilage and disease transmission. 5) Hydrogen peroxide (H 2 O 2 ) is an effective biocide commonly used by the food industry. It is a strong oxidant that damages bacterial proteins, DNA, and cellular membranes. 10) Studies have shown that L. monocytogenes can adapt to sub-lethal concentrations of biocides, resulting in increased tolerance to biocide treatments. It has therefore been hypothesized that persistence may be linked to intrinsic factors associated with survival after cleaning and disinfection. A recent study analyzed the resistance of treated biofilms to sanitizing agents such as mixtures of peroxides, a quaternary ammonium compound (QAC), and chlorine.
11) The results indicated that the resistance of cells in the biofilm may have been due to the attributes of EPS, and not to intrinsic attributes of the cells themselves, at least under laboratory conditions simulating a food processing environment, i.e., repeated 24-h daily cycles of sanitization.
The objective of the current study was to analyze and compare the susceptibility of 12 different isolates of L. monocytogenes grown under biofilm-forming and planktonic conditions to various concentrations of H 2 O 2 to determine whether the H 2 O 2 resistance of biofilm cells was correlated with the resistance of their planktonic counterparts. We also identified re-growth after the biofilm culture and H 2 O 2 treatment based on a 24-h cycle of the food processing environment.
Materials and Methods
Bacterial strains and culture conditions. Twelve strains of L. monocytogenes isolated from environmental, food, and clinical * These authors equally contributed to this study.
y To whom correspondence should be addressed. Tel: +82-2-3290-3055; Fax: +82-2-3290-3506; E-mail: saehkim@korea.ac.kr Biosci. Biotechnol. Biochem., 76 (11), 2008-2013, 2012 sources were used for these studies. The strains are listed in Table 1 . Stock cultures were maintained at À80 C in Tryptic Soy broth (Difco, Sparks, MD, USA) supplemented with 0.6% yeast extract (TSBYE) containing 25% glycerol as a cryoprotectant. All strains were subcultured in TSBYE at 37 C for 18 h prior to the experiments. The cultures of L. monocytogenes were harvested by centrifugation (8;000 Â g, 10 min, 4 C), rinsed three times in phosphate-buffered saline (PBS; 1.2688 g of disodium phosphate, 0.1 g of monosodium phosphate, 0.2113 g of monopotassium phosphate, and 7.65 g of NaCl per liter at pH 7.2) and then centrifuged (8;000 Â g, 3 min, 4 C Planktonic cell and biofilm cultures. Biofilms were prepared as previously described, with a slight modification. 12) Autoclaved extrathick glass-fiber filters (GFFs) 25 mm in diameter (Pall Life Science, Ann Arbor, MI, USA) were used for culturing the biofilms. A sterile GFF was inoculated with 500 mL of the bacterial suspension (ca. 10 6 CFU/mL). The bacterial cells had completely adhered to the glass fiber within 10 min. The inoculated GFF was washed with 10-15 mL of PBS for approximately 10 and then placed on a sterile 2:5 Â 2:5-cm glass microfiber filter (Whatman, Clifton, NJ, USA) in a Petri dish containing tryptic soy agar-0.6% yeast extract (TSAYE). After incubating for 24 h at 25 C, the biofilms that had formed on the GFFs were each washed in 10-15 mL of PBS in a sterile Petri dish for approximately 10 s to remove any unattached cells. Each washed GFF was then transferred to a sterile Whirl-Pak sampling bag (Nasco, Fort Atkinson, WI, USA). A 20-mL volume of PBS was added, and the biofilm cells disrupted with a Seward 80 stomacher Ò (normal mode for 4 min). Aliquots (1 mL) were removed from the Whirl-Pak and diluted with 0.1% peptone water. The dilutions were plated on TSAYE and finally incubated for 48 h at 37 C. The cells for planktonic growth were inoculated at a concentration of 10 6 CFU/mL into fresh TSBYE and then incubated for 24 h at 25 C to obtain planktonic L. monocytogenes. All procedures after culturing, including washing and dilution, were performed as described for the biofilms.
Treatment of the planktonic and biofilm cells with H 2 O 2 . To determine the H 2 O 2 susceptibility of L. monocytogenes, cultures (24 h at 25 C) were collected by centrifugation (8;000 Â g for 10 min at 4 C), and then the cells were rinsed three times with PBS. The planktonic cells were added directly to a 1% H 2 O 2 solution for 30 min at 25 C and then washed with PBS to remove the H 2 O 2 . Viable cells counts were determined after 10-min intervals of exposure by serial dilution and plating on TSAYE.
The biofilms were placed in a solution of 6% or 10% H 2 O 2 in Petri dishes for 10 min, the GFFs then being neutralized with 0.1 m sodium thiosulfate to inactivate the H 2 O 2 . The number of surviving cells in the neutralized biofilm on the GFF was determined as already described for the biofilm cultures. The number of viable cells was evaluated by serial dilution, plating on TSAYE, and then by counting the colonies after 48 h at 37 C. To investigate the impact of H 2 O 2 on re-growth of the biofilm cells after the first exposure to H 2 O 2 , GFFs were briefly washed with PBS, and then the H 2 O 2 treatment was repeated once or twice more. The GFFs were cultured in TSBYE for 24 h at 25 C to allow re-growth of the biofilm between each treatment with H 2 O 2 . This step was designed to mimic the 24-h sanitation cycle conducted in the food processing facilities.
11)
Scanning electron microscopy (SEM). SEM was performed as previously described to assess the cell morphology of biofilms on GFFs with or without the H 2 O 2 treatment.
13) The biofilms on GFFs were fixed with 2.5% glutaraldehyde for 1 h at 4 C and then rinsed three times with a 0.1 m sodium cacodylate solution for 15 min. Each sample was dehydrated through a graded series of ethanol washes (50, 70, 80, 90, 95, and 100% ethanol; 3 Â 15 min each), and then allowed to completely dry at room temperature. The sample was fixed on an aluminum stub, coated with carbon, and then observed by SEM (Jeol JSM-5200) at an acceleration voltage of 15 kV.
Statistical analysis. All experiments were conducted at least four times from two independent cultures. The effect of each treatment was analyzed by ANOVA ( < 0:05) and subsequent Duncan's multiplerange test ( ¼ 0:05), using SAS software (Version 9.1; SAS, Cary, NC, USA). Statistical significance is defined as < 0:05:
Results

Susceptibility of planktonic cells to H 2 O 2
Planktonic L. monocytogenes reached a cell number of approximately 10 9 CFU/mL after being incubated for 24 h at 25 C in TSBYE. The planktonic cells were then subjected to unattached cells in a food processing environment. Most strains (10 of 12) showed a similar level of viability during the 10 min of 1% H 2 O 2 exposure, while L. monocytogenes Brie-1, 3990, and V37 showed a lower level than the others. These three strains demonstrated significantly higher susceptibility, the viability decreasing rapidly to less than 36.0% after 20 min. Strains 106, V37, LCDC, 70, 303, 18, and Brie-1 did not survive 20 min of exposure to 1% H 2 O 2 , and all 12 strains of L. monocytogenes were completely inactivated by exposure to 1% H 2 O 2 for 30 min (Table 2) . Exposure to 1% H 2 O 2 for 30 min was therefore sufficient to kill all strains of L. monocytogenes grown under planktonic conditions. We classified the 12 strains as i) tolerant, ii) susceptible, and iii) highly susceptible based on the relative survival rate of planktonic cultures exposed to 1% H 2 O 2 for 20 min (Table 2 ). This classification carried the following criteria: i) tolerant, strains that exhibited 20% relative survival rate at 20 min; ii) susceptible, 0% < relative survival rate at 20 min < 20%; and iii) highly susceptible, 0% ¼ relative survival rate at 20 min. The tolerant group consisted of strains V7, Scott A, and 3990; the susceptible group consisted of strains 17 and 3982; and the highly susceptible group consisted of strains 106, LCDC, 18, 70, 303, Brie-1, and V37. Under planktonic culture conditions, L. monocytogenes strain V37 had the lowest susceptibility among all the strains tested, surviving exposure to 1% H 2 O 2 for 30 min, while V7 had the highest susceptibility among the 12 strains, being undetectable after exposure to 1% H 2 O 2 for 30 min (Table 2) . Tables 3 and 4 show the resperctive results for the exposure of L. monocytogenes biofilms to 6 and 10% H 2 O 2 . The cultures of biofilms formed after 24 h at 25 C in the absence of H 2 O 2 had a cell number of approximately 9.02-10.03 log CFU per GFF, indicating consistent biofilm development for all the strains tested. The formed biofilms were then subjected to the attached cells and their products in a food processing environment. Preliminary experiments showed that the viability of the biofilm cells was unaffected by exposure to 1% H 2 O 2 for 10 min (data not shown). We therefore used higher concentrations of H 2 O 2 to test the susceptibility of the biofilms. Treatment with 6% or 10% H 2 O 2 resulted in significant and wide-ranging cell death. The cell number of the 12 L. monocytogenes strains after being treated with 6% H 2 O 2 was reduced to 3.99-8.28 log CFU per GFF, while exposure of the biofilms to 10% H 2 O 2 resulted in a further decrease in cell number from <1 to 6.73 log CFU per GFF. A slight increase in cell growth was apparent 24 h after a single 10-min treatment, indicating that the biofilms recovered to some degree over a 24-h period of re-growth at 25 C. After a second and third round of treatment, the number of biofilm cells has decreased in a manner analogous to the first treatment, and when the biofilms were allowed to recover between each treatment (24 h at 25 C), regrowth reached a similar or lower level than that with the first treatment.
Overall, the survival rates of biofilms exposed to the H 2 O 2 treatments varied among the strains and with the number of treatments (Tables 3 and 4) . We classified the 12 strains as i) tolerant, ii) susceptible, and iii) highly susceptible to 6% H 2 O 2 based on the viability of the bacterial cells after a single 10-min exposure. This classification carried the following criteria: i) tolerant, !79% relative survival rate after the first 6% H 2 O 2 treatment; ii) susceptible, <79% and !65% relative survival rate after the first 6% H 2 O 2 treatment; and iii) highly susceptible, <65% relative survival rate after the first 6%H 2 O 2 treatment. The tolerant group comprised strains 3982, 3990, 17, and LCDC; the susceptible group, strains 18, Scott A, 303, 106, V7, and 70; and the highly susceptible group, V37 and Brie-1 (Table 3) .
Interestingly, the survival of all 12 L. monocytogenes strains was lower with the 10% H 2 O 2 treatment than with the 6% treatment ( Table 4) . Under 10% H 2 O 2 exposure, all strains except 3982 were classified in highly susceptible group. Damaged biofilm cells were able to recover after incubating for 24 h at 25 C under normal conditions (re-growth), and in general, the tolerant strains recovered to a greater extent (>90%) than the other groups.
Our findings indicate that the tolerance levels of several of the tested L. monocytogenes strains were different for the biofilm and planktonic cultures, even though the concentrations of H 2 O 2 used for treating the two growth systems were different. Strain 3990 exhibited similar high tolerance levels under both growth conditions. Compared to planktonic growth, L. monocytogenes strains ScottA and V7 shifted from tolerant to susceptible when cultured as a biofilm. In contrast, L. monocytogenes strains 17 and 3982 shifted from susceptible to tolerant, L. monocytogenes LCDC shifted from highly susceptible to tolerant, and L. monocytogenes strains 106, 18, 70, and 303 shifted from highly susceptible to susceptible when cultured as a biofilm. Unfortunately, there was no direct correlation between planktonic and biofilm tolerance for several strains, suggesting a more complex mechanism for tolerance to H 2 O 2 in certain strains of L. monocytogenes.
Visualization of L. monocytogenes biofilm cells exposed to H 2 O 2
Biofilm formation was observed by SEM in the presence and absence of H 2 O 2 to begin to understand the mechanisms underlying the differential tolerance of L. monocytogenes in biofilm and planktonic cultures. L. monocytogenes biofilms that aggregated on GFFs after 24 h are shown in Fig. 1A and C (strains Brie-1 and 3982, respectively). The cells appeared to be encapsulated in a complex matrix consisting of EPS. In the presence of 6% H 2 O 2 , dispersion of the biofilm aggregates was evident (Fig. 1B and D) when compared to the untreated controls. Interestingly, biofilms of strain Brie-1, which was classified as highly susceptible, tended to scatter more than strain 3982 (Fig. 1D) which was classified as tolerant. 
Discussion
Our results for the susceptibility analysis confirmed that the tolerance of five strains (L. monocytogenes 106, V7, 3982, Brie-1, and 3990) to H 2 O 2 was different between biofilm and planktonic cultures, whereas similar levels of tolerance were exhibited by strains 17, LCDC, 18, 70, 303, Scott A, and V37 with both cultures. Importantly, the H 2 O 2 susceptibility of the biofilm cultures was not correlated 100% with their planktonic counterparts. Biofilms of L. monocytogenes strain 3982 were the most tolerant to peroxide, whereas strain Brie-1 was the most susceptible (Tables 3 and 4) ; we hence conclude that the H 2 O 2 -susceptible features were strain-dependent. This may have been due to differences in the ability of each strain to produce protective enzymes such as catalase and superoxide dismutase, or to accumulate protective enzymes in biofilm EPS. Listeria superoxide dismutase can counteract the bactericidal effects of host cell peroxides. 14) Furthermore, catalase-negative strains of L. monocytogenes have been shown to lack virulence. 15) Catalase reduces toxic H 2 O 2 to water and oxygen. We observed in the current study the release of oxygen bubbles during treatment, reflecting catalase activity in the tested strains. Interestingly, oxygen release appeared vigorous after the initial treatment, but had subsided by the third treatment cycle (data not shown). Overall, the biofilm cells appeared to be more resistant to H 2 O 2 than planktonic cells. These results suggest that, as L. monocytogenes transitions from planktonic cells to biofilm cells, the resistance to such a sanitizer as H 2 O 2 increases. Moreover, the biofilm may be protective in terms of bacterial growth, and as cells are released from the biofilm, they may become more susceptible to peroxide. A number of studies have examined the potential for biofilm development by L. monocytogenes by using various planktonic bacteria, particularly in response to sanitizers and heat. A common conclusion in these studies is that biofilm bacteria were more resistant to adverse environmental effects. [16] [17] [18] More importantly, dramatic recovery in the viability of biofilm cells was apparent following serial re-growth procedures, although they were significantly damaged by exposure to H 2 O 2 (Tables 3 and 4 ). This cycle of oxidative stress and re-growth is likely to occur in real situations such as those found at a number of facilities in the food industry. Taken together, we consider that L. monocytogenes Fig. 1A and C ). Following the treatment with H 2 O 2 , the biofilm cells were dispersed and scattered (Fig. 1B and D) . Of particular note is that L. monocytogenes strain 3982, which was classified as ''tolerant'' in the cell viability assay and exhibited high resistance to H 2 O 2 , was dispersed as a clump, while strain Brie-1, which exhibited low resistance, scattered into separate cells. These results support a model in which the matrix acts as a protective barrier against environmental stress. This is the first report to our knowledge of the visualization of L. monocytogenes biofilm cells damaged by a sensitive cleaner for food plant. A similar phenomenon has been reported by Pan and colleagues, 11) L. monocytogenes biofilms being found to be visibly altered to an indistinct shape following their exposure to peroxide. Studies are currently underway to determine whether specific proteins are induced or repressed in planktonic or biofilm cultures when they are exposed to H 2 O 2 by using proteome analysis-coupled two-dimensional gel electrophoresis and matrix-assisted laser desorptionionization time-of-flight mass spectrometry (MALDI-TOF/MS).
Our results indicate that a number of L. monocytogenes strains were able to survive by forming biofilms under such environmental stress as the presence of H 2 O 2 . We also found that the resistance of L. monocytogenes strains to H 2 O 2 may change as the cells develop into biofilms. The current results lend credence to the suggestion that biofilm cells can rapidly recover viability in the absence of stress conditions (represented by re-growth in the current study). The enhanced survival of L. monocytogenes biofilms when exposed to H 2 O 2 should be viewed as an essential factor when considering the strategy to prevent contamination of dairy food plant by pathogens. 
